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Abstract 
Water-level fluctuations may be used to promote the expansion of emergent vegetation along 
lakeshores. We present the case of the lake Volkerak-Zoommeer in the Netherlands, a fresh- 
water lake created in 1987 after the enclosure of an estuary. Using an experimental rea in 
which the water level could be manipulated, it was shown that partial summer drawdown of 
the shoreline created suitable conditions for germination and growth of tall emergent species 
(in particular Phragmites australis). Plant survival and growth depended on subsequent 
water-level fluctuations and grazing by waterbirds. Based on the experiment and empirical 
data, a model was developed to predict he effects of the water-level regime on potential reed 
bed development. The model was applied for four hydrological scenarios that have been con- 
sidered for the water-level management of he lake. 
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Introduction 
Lake managers inWestern Europe often strive to con- 
serve and create reedbelts in the littoral zone. Emergent 
vegetation covering the shoreline is often desired be- 
cause it may prevent erosion of the lakeshore, absorbs 
nutrients, and has a positive impact on biodiversity 
(HAWKE & JOSt~ 1996). 
The restoration of shoreline habitat often includes 
measures to promote the establishment of helophytes, in 
particular reed (Phragmites australis). Stands of reed 
depend on suitable hydrological conditions (water-level 
fluctuations) for their establishment, expansion and an- 
nual vegetation dominance (HASLAM 1972; RODEWALD- 
RUDESCU 1975). Without aking the natural hydrological 
cycle into account, reed management may be costly and 
unsustainable. 
The water-level regime is a key factor egulating the 
establishment and expansion of littoral stands of emer- 
gent vegetation. Managing the water-level regime may 
therefore be an effective tool for lake restoration (Coops 
& HOSPER 2002). 
In the Netherlands, water levels in most lakes are 
strongly regulated, with significant consequences forthe 
growth of reedbelts. After stabilisation ofwater levels - 
often interacting with eutrophication a d litter accumu- 
lation - reed stands often start o show die-back symp- 
toms due to various physiological responses e.g. to low- 
ered redox conditions in the rhizosphere (VAN OER PUT- 
TEN 1997; CLEVERING 1998). This process may be re- 
versed by large-scale drawdowns triggering the estab- 
lishment and expansion of helophyte stands towards 
open water. Moreover, episodic drawdowns usually are 
part of the natural hydrology of lakes and wetlands, 
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resulting in cyclic succession a d regression patterns of 
the emergent vegetation (VAN DER VALK 1981). Such 
natural dynamics may be mimicked by managing water 
levels. For example, cyclic water-level fluctuations 
determined the succession of marsh vegetation i  the 
Oostvaarderplassen wetland in the Netherlands, where 
water levels have been allowed to fluctuate freely within 
a predetermined range. Periods of low water level induc- 
ing large-scale soil exposure allowed large-scale regen- 
eration and rejuvenation of reedmarshes, while subse- 
quent inundation facilitated heavy grazing by geese 
leading to a gradual regression (TER HEERDT & DROST 
1994; VULINK & VAN EERDEN 1998). 
For lake managers, the allowable ranges for fluctuation 
of water levels are restricted because of different lake 
users' requirements. Therefore, the predictability of the 
responses of emergent vegetation plays a significant role 
in management decisions concerning water-level manipu- 
lations. Hence a model to evaluate the effects of fluctuat- 
ing water-levels on the potential reedbed expansion over 
the shoreline would be auseful assessment tool. 
In this paper we present an large-scale water-level x- 
periment to promote reedbed expansion over the shore- 
line of the Volkerak-Zoommeer (the Netherlands) and 
derive a simple model predicting the reed-covered area 
of lakeshores under varying waterqevel regimes, based 
on the experimental results. 
Study area 
Lake Volkerak-Zoommeer (8145 ha, Fig. 1) is situated in 
the SW-part of the Netherlands and was created in 1987 
after the enclosure of part of the Oosterschelde estuary. 
The morphology of both basins still reflects the estuar- 
ine history: the former tidal channels are deep with 
rather steep slopes, and there are extensive areas of shal- 
low water (< 2 m); average depth is 5 m. Furthermore, 
2000 hectares of terrestrial areas became permanently 
exposed after disappearance of the tidal water-level fluc- 
tuations. 
After the enclosure, the lake rapidly freshened and se- 
vere lakeshore rosion occurred due to the stabilised 
water levels. Lake levels were held constantly at 0 cm 
a.s.1.; minor fluctuations occur due to wind and sluice 
operations. The lake was initially characterized by 
very clear water and extensive macrophyte growth 
(1990-1996), but shifted to an increasingly eutrophied 
state exhibiting severe cyanobacterial blooms in sum- 
mer (BREUKERS et al. 1997). Following desalinization of 
the soil after 1987, the terrestrial reas were gradually 
colonized by grassy vegetation. Grazing management, 
using large herbivores (cattle and horses) was applied to 
reduce the encroachment of trees and shrubs. Large- 
scale erosion occurred on the unprotected shorelines 
partly because of the constant water level and high wave 
attack, while the colonization of the shoreline by helo- 
phytes was extremely poor (TOSSERAMS et al. 1999). To 
stop the erosion, wave-protection dams were construct- 
ed along most of the shoreline of the lake, and shallow 
zones and islets were created using dredge material. In 
spite of this, water-level fluctuations were considered as 
an essential measure to promote the expansion of 
reedbeds along the lake, and in 1995 a study was initiat- 
ed to delineate the range and timing of the suitable 
water-level management. 
Experimental area  
.2 
Volkerak-Zoommeer 
;25 
Fig. 1. Geographic location of the Volkerak- 
Zoommeer in The Netherlands; the experimen- 
tal drawdown area on the lakeshore of the 
north basin is indicated. Grey shaded areas 
were intertidal flats and saltmarshes before 
1987 and became terrestrial areas afterwards. 
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Material and Methods 
Water-level experiment 
In spring 1995, experimental drawdown was per- 
formed in a 375 m x 80 m (3 ha)area of sandy, shallow- 
ly-sloping shoreline of Volkerak-Zoommeer (Fig. 1). 
The experimental rea was enclosed within a sheet- 
pile wall; the water level in the experimental rea fol- 
lowed a programmed regime using a pumping installa- 
tion. The water level was seasonally adjusted, based on 
the expected maximal development of reedbed 
species. The water level within the experimental rea 
was lowered by 30 cm in April 1995, resulting in a 
wide drawdown zone between the "old" and "new" 
waterline. The water was kept at the low level through- 
out 1995 and 1996. From December 1996 to April 
1997 the water level was kept at 10 cm above the orig- 
inal level, and was then drawn down to 28 cm below 
until November 1997. In the next winter (November 
1997-April 1998) the area was reflooded again at 10 
cm above the original evel, followed by a drawdown 
to 25 cm below between May and September 1998. 
Using this scheme, the summer-exposed zone had a 
width of approximately 60 m in 1995-1996, 30 m in 
1997, and 20 m in 1998. 
Inside the experimental nd reference areas, several 
transects and plots were established for the study of 
plant germination and growth, with and without grazing. 
Grazing by water birds was prevented in part of the tran- 
sects by placing a 2-m high fence around- and ropes 
above the exclosure. In all areas, 1-m wide belt transects 
were established perpendicular to the shoreline. In the 
summers of 1995-1998, percent vegetation cover was 
estimated for plant species, along each metre of the tran- 
sect. 
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Fig. 2. Schematic representation f a lakeshore helophyte model. 
A simple helophyte model 
We approached the annual growth cycle of helophytes as 
schematically presented in Fig. 2 as the basis for a sim- 
ple model of reed expansion over the lakeshore. 
The model predicts germination, aboveground biomass 
production and yearly accumulation f rhizome biomass 
in 50 elevation steps based on daily water levels. Both 
results from the experiment and expert data were used to 
set parameters in the model. 
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Fig. 3. Cover percentage of helophyte species over fenced transects in 
the experimental drawdown area, 1995-1998. Cover estimates were 
made for each metre of the transect. The ordinate depicts distance 
from the original shoreline; the shoreline during the lowest drawdown 
(1995-1996) and the original shoreline are indicated by dashed lines. 
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Reed germination occurs on unvegetated lake bed 
areas above the water level. The germination period 
may last from 1 April to 1 July. Seedlings occurring in 
areas flooded between 1July and 1 October, will be lost. 
We used the 95% percentile of the water levels between 
1 July and 1 October as the lower boundary of areas 
where germination can be successful. After successful 
germination, the rhizome biomass in October is set at 
60 g DW m -2. 
For the next years the rhizome biomass (R) is calcu- 
lated assuming a logistic growth, with a water depth (D) 
related loss term (L): 
dRdt =rR 1- -L  D p +hl 
Rhizome biomass is calculated on a day-to-day basis 
during the growth season (1 April to 1 October). The 
growth rate r and the carrying capacity (K) were fitted 
using experimental growth data (Coops et al. 1996) at 
the optimal water level (-0.25 m). The depth related loss 
term (parameters L, p and hv) was calibrated using the 
experimentally determined carrying capacities (after 
5 years). The resulting parameters are summarized in
Table 1. Above-ground biomass was calculated by the 
rhizome-shoot ratios, that were assumed to be linearly 
related to the median water level during summer (Coops 
et al. 1996). 
Biomass increment was assumed to stop at 1 October 
and the rhizome biomass produced at 1 October subse- 
quently is available for grazing; we assumed grazing 
takes place in all flooded areas where the median water 
depth is between 0 and 0.50 m. These assumptions were 
supported by observations in the experiment (TossER- 
AMS et al. 1999). Furthermore, if rhizome biomass is 
lower than a small threshold biomass (50 g DW m-2), the 
vegetation will be lost. The number of grazer-days inthe 
period 1 October-1 April was estimated using (unpub- 
lished) bird census data from the lake and refers to the 
presence of greylag eese (Anser anser); we used a con- 
servative stimate of 3 x 105 grazer-days per winter 
(TOSSERAMS et al. 1999). Geese are assumed to consume 
a fixed amount of rhizome weight per individual per day 
(300 g DW day-l); we did not take into account any pref- 
erence for a specific type of helophyte vegetation. 
Given the available options, four water-level scenar- 
ios were considered for the lake (Fig. 5), based on avail- 
able options set by the lake managers. We simulated 
three scenarios of daily water levels over a 10-year peri- 
od based on hydrological data from 1989-1998 
(TosSE~MS et al. 1999): 
1) The present situation, in which the water level is kept 
as close as possible to 0.00 m a.s.1. 
2) Fluctuation of water levels between a 25-cm band- 
width (rain -0.15 m a.s.l., max 0.10 m a.s.1.) deter- 
mined by precipitation and evaporation i the catch- 
ment. 
3) Idem, 40-cm bandwidth (rain -0.30 m a.s.l., max 
0.10 m a.s.1.). 
4) Identical to scenario 3, but starting with a 3-year per- 
manent drawdown. 
Results 
During 1995-1998 agradual expansion of the reedbelt 
was observed over the drawdown zone in the part of the 
experimental area where grazing was excluded (Fig. 3). 
Young helophyte plants that were found established were 
predominantly Bolboschoenus maritimus and Phrag- 
mites australis, while Typha latifolia and Schoenoplectus 
Table 1. Parameters of the model. 
Parameter Description Value 
r 
K 
L 
ho 
P 
Ro 
BirdDays 
BirdCons 
Grazing depth 
Grazing period 
Growing season 
Flooding period 
ShootRhizFract 
ShootRC 
Rmin 
Maximum growth rate 
Carrying capacity 
Maximum depth related loss 
Half saturation depth related loss 
p in Hill function of depth related loss 
Rhizome biomass of helophytes after first year 
Number of herbivorous bird days per year 
Consumption by birds per day 
Maximum water depth reached by herbivorous birds 
Period where grazing takes part 
Period for helophyte growth 
Critical period for flooding 
Shoot-rhizome fraction at 0 m water depth 
Increase in shoot rhizome fraction per meter water depth 
Minimum rhizome biomass at start of growing season 
0.01 d -I 
1200 g DW m -2 
0.01 d -I 
0.75m 
4 
50 g DW m -2 
0 and 3x1OSyr I 
300 g DW d -I 
0.Sm 
I Oct.-1 April 
I April-1 Oct. 
1 July-1 Oct. 
0.504 
-0.14 m -~ 
50 g DW m -2 
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Fig. 4. Biomass (g m 2) of helophytes over fenced and un- 
fenced transects in the experimental drawdown area 
(1996-1998). Shoreline transects as in Fig. 3. 
tabernaemontani were found in smaller numbers. Initial- 
ly, colonization by helophytes was observed almost ex- 
clusively in a belt parallel to the 1995-1996 waterline. 
Due to the strongly increased topsoil salinity in the sum- 
mer of 1995, the higher elevations in the drawdown zone 
were characterized bythe establishment of salt tolerant 
plant species (such as Salicornia brachystachya, Spergu- 
laria marina and Atriplex prostrata). In the second year 
of drawdown, establishment of brackish-marsh pecies 
(such as Aster tripolium, Bolboschoenus maritimus, and 
Juncus ambiguus) occurred at the higher elevations 
while the cover of the helophyte belt along the waterline 
increased further. During all four years of the study, the 
original shoreline in both the experimental and reference 
areas was dominated by Epilobium hirsutum. 
Seedlings of the emergent species Phragmites aus- 
tralis, Typha latifolia and Bolboschoenus maritimus 
were recorded in relatively high density along the newly 
established waterline in the summer of 1995 and 1996. 
In addition, few seedlings were observed around the pre- 
drawdown shoreline. 
After the winter inundations ofthe drawdown zone in 
1997 and 1998, the entire zone was successively colo- 
nized by helophytes, in particular the zone under the di- 
rect influence of the slightly increased surface water- 
level during the subsequent summer drawdowns. The 
helophyte belt, which was initially dominated by BoI- 
boschoenus maritimus, became invaded by several other 
helophyte species in the later years. The expansion of 
Phragmites clones started at the dry end of the helo- 
phyte-covered zone, and Typha latifolia, Schoenoplectus 
tabernaemontani and S. lacustris expanded at the wet 
end of the helophyte belt. 
Outside the fenced parts of the experimental draw- 
down area, the cover of helophytes was much less as 
compared to the exclosures (Fig. 4). Winter grazing of 
rhizomes occurred primarily in the shallowly flooded 
parts of the shoreline. 
The model simulations (Fig. 5) show that under the 
current stable water levels, expansion of the reedbelt at 
the waterward edge will not occur. Both in grazed and 
ungrazed conditions reed development will be negligi- 
ble in the current water-level scenario. 
Reed expansion will occur with fluctuating water lev- 
els. In the respective scenarios of 25 cm and 40 cm range 
the periodically inundated zone will become covered by 
reed within a few years in the absence of grazing. How- 
ever, since there are large numbers of grazers that have 
access to the rhizomes, the annual production of young 
shoots is completely removed uring the subsequent 
winter period - even with an extended summer-draw- 
down zone. 
Scenario 4provides the possibility for helophyte veg- 
etation to escape from grazing during the first years, pro- 
ducing a belt of reed that is sustainable over a longer 
time period. In this scenario the winter consumption of
rhizomes i  compensated by vegetation production at the 
end of the growth period. 
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helophyte development. See text for description of scenario 1-4. 
Discussion 
Water-level f uctuations are an important factor deter- 
mining the successful establishment of emergent vegeta- 
tion on lakeshores. Depending on the shoreline slope, 
low water levels in summer may provide suitable condi- 
tions for downslope germination and seedling rowth of 
helophyte species, as well as for vegetative expansion 
(Coops et al. 1996). The role of alternating long-term 
flooding and drawdown stages in emergent vegetation 
dynamics has been studied extensively in North Ameri- 
can wetlands (e.g., MURK~N et al. 2000) and in the Dutch 
wetland Oostvaardersplassen (JANS & DROST 1995). 
The flooding and drawdown regime may also affect 
the composition of the emergent vegetation. In the case 
of the Volkerak-Zoommeer, d awdown had an additional 
impact on colonisation of the shoreline because of in- 
creased salinity following soil porewater evaporation. 
This increased salinity was compensated after reflood- 
ing with fresh lakewater. As a probable result of the in- 
teractions between water level and salinity, we observed 
during the first years of the experiment a clear domi- 
nance of Bolboschoenus maritimus; Phragmites aus- 
tralis tended to become more abundant afterwards. In 
the years after 1998, P. austraIis became the absolute 
dominant over the entire gradient, except for the lake- 
ward margin, in which Typha stands predominated. 
In addition to the flooding and drawdown regime, 
grazing can induce profound changes in the vegetation. 
The rhizomes and tubers of helophytes are exploited by 
wintering eese and other herbivores, in particular when 
they are shallowly flooded and can be dug up and handled 
by the birds (ESSELINK et al. 1997; TAFT et al. 2002). In 
early stages the vegetation will apparently be overexploit- 
ed, the more so because the birds can shift to alternative 
resources once the emergent plants are consumed. Due to 
the large wintering population of geese in the area, most 
emerging helophyte stands will be eliminated early in 
their development. In Lake Volkerak, it was shown that 
an uninterrupted drawdown phase of several years, during 
which only limited rhizome grazing occurred, was essen- 
tial for a sustainable r edbelt development because of the 
strong interaction with grazing by geese. 
The impact of geese indicates that external factors 
may seriously affect he potential for recovery of emer- 
gent vegetation. In the case of geese grazing, both num- 
bers of the wintering population and the breeding popu- 
lation have increased ramatically over the past decades. 
The model allowed us to assess the effects of different 
grazing pressure, in terms of grazer-days. We conclude 
that either when grazers would be reduced to much 
lower densities, or when the water level would be ma- 
nipulated over a wide range, without constraints from 
the various lake functions, the ecological target of well- 
developed emergent vegetation may be achievable. 
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Several emergent-plant models which have been de- 
veloped, e.g. biomass allocation model (ASAEDA ~; 
KARUNARATNE 2000), individual shoot growth (HARA et 
al. 1993), rhizome spatial architecture (KLIMES 2000) 
fOCUS on growth of individual ramets or genets, and may 
provide a better insight in the plants' functioning inrela- 
tion to hydrological events. 
However, application of this type of models in a 
'management tool', rather than the set of simple rules in 
our model, would produce an unnecessarily complex 
and not very transparent decision model. Alternatively, 
models based on geographical information (e.g. POIANI 
& JOHNSON 2002; VAN DE RIJT et al. 1996) better epre- 
sent he spatial arrangement of wetland vegetation, but 
are less able to include narrow belts of emergent vegeta- 
tion along lakeshores. The model presented here also has 
shortcomings and its performance may be improved by 
the inclusion of horizontal clonal expansion, clustered 
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presence seeds in the seed bank, a better epresentation 
of grazing patterns, effects of wave action, etc. 
The lake managers' decision to adapt he water-level 
regime of the lake in favour of emergent vegetation de- 
velopment depends on its importance relative to other 
functions. The target of promoting reedbelt establish- 
ment has to be weighed against other lake functions that 
are at stake with changes in the lake's water levels, such 
as navigation, water supply to agriculture, and the lake's 
water storage capacity. On the other hand is the degree 
of uncertainty about the effects of changed water-level 
regime. Apart from inherent uncertainties on e.g. the cli- 
mate and the development of grazer populations, our 
model provides a useful tool to support decision making 
on the future water-level management and may be appli- 
cable in various other situations as well. 
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